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Summary
Genomic instability is a conserved factor in lifespan reduc-
tion, although the molecular mechanism is not known [1].
Studies in the yeast Saccharomyces cerevisiae over the
past 20 years have found a connection between the ribo-
somal RNA gene cluster (rDNA) and lifespan [2]. The highly
repetitive rDNA exhibits genomic instability, and the anti-
aging histone deacetylase gene SIR2 regulates this insta-
bility. We previously proposed that SIR2 governs lifespan
by repressing rDNA noncoding transcription and rDNA
instability, but the extent to which lifespan is affected by
SIR2 acting at the rDNA versus other genomic regions, and
the relationship between rDNA noncoding transcription/
rDNA stability and lifespan have remained controversial.
To control rDNA noncoding transcription and rDNA insta-
bility, we use a strain in which the rDNA noncoding promoter
is replaced with an inducible promoter. Here, we show that
repression of noncoding transcription extends lifespan
and makes SIR2 dispensable for lifespan extension. These
results indicate that Sir2 maintains lifespan through repres-
sion of E-pro noncoding transcription in the rDNA cluster,
rather than pleiotropically at other loci. The observation of
rDNA instability in other organisms, including humans, sug-
gests that this may be a conserved aging pathway.
Results and Discussion
Budding yeast (Saccharomyces cerevisiae) is a well-studied
model for investigating the genetic pathways of aging [3].
Cell division in yeast is asymmetric (called ‘‘budding’’) with a
‘‘mother’’ cell dividing to produce a smaller daughter cell (Fig-
ure S1A available online). The mother cell ages as she pro-
duces daughters, and normally after w20 cell divisions she
stop dividing and dies.
The ribosomal DNA (rDNA) in eukaryotic cells is organized
into multiple tandem repeats, and the number of copies
constantly varies as a result of recombination between the re-
peats. In budding yeast,w150 copies of the rDNA are located
in one repeat array on chromosome XII (chrXII) (Figure 1A).
Two proteins that play important roles in rDNA stability and
lifespan have been extensively characterized in budding yeast.
The Fob1 protein binds to a replication fork barrier site (RFB) in
the rDNA and unidirectionally inhibits replication fork progres-
sion (Figure S1B) [4]. DNA double-strand breaks that result*Correspondence: takobaya@nig.ac.jpfrom this inhibition induce unequal sister-chromatid recombi-
nation and hence rDNA instability, allowing rDNA amplification
that rectifies low copy number [5]. In a fob1mutant, the rDNA is
stabilized and lifespan is extended w60% [6, 7]. The other
protein is Sir2, which is a NAD+-dependent histone deacetyl
transferase that alters chromatin structure at the rDNA, telo-
meres, and mating-type loci [8, 9]. Sir2 represses transcription
from an rDNA noncoding promoter, called E-pro, and this
activity increases the association of cohesin and represses
unequal sister-chromatid recombination. Therefore, in a sir2
mutant the rDNA becomes unstable and lifespan is reduced
w50% [10, 11].
It was initially thought that the effects of Fob1 and Sir2 on
lifespan result from their effects on the formation of ribosomal
extrachromosomal circles (ERCs), pop-out molecules pro-
duced by rDNA recombination that were proposed to induce
senescence [12]. However, results from our group and others
that are inconsistent with a major role for ERCs in aging led
us to propose that rDNA stability is the key aging factor, and
that the effects of Sir2 are mediated through its control of non-
coding intergenic spacer (IGS) transcription [2, 13, 14]. Alter-
native roles for Sir2 in senescence and aging have also been
proposed, though. These include roles within the rDNA but
not involving IGS transcription, such as rDNA replication [15],
and roles outside of the rDNA, such as SIR2-dependent telo-
mere silencing [16] and accumulation of oxidized proteins in
mother cells [17]. Given recent results emphasizing the central
role of SIR2 in yeast longevity [18, 19], it is important to deter-
mine the mechanism(s) through which SIR2 governs lifespan.
In this study, we set out to test whether noncoding IGS-
transcription-induced rDNA instability is a key factor modu-
lating lifespan, and to assess the extent to which SIR2
regulates lifespan by acting at the rDNA versus other regions
of the genome.
To achieve these goals, we used a strain in which the E-pro
promoter had been replaced by a galactose-inducible, bidirec-
tional promoter, GAL1/10, in all copies of the rDNA [20]
(Figure 1). We previously demonstrated that bidirectional tran-
scription from the GAL1/10 promoter is essential for rDNA
amplification [20], although the copy number only reaches
w80 copies (rather than the 150 copies of the wild-type). We
refer to this strain as the GAL-pro strain (TAK2004) and the
wild-type strain as the E-pro strain (NOY408-1b). The depen-
dency of rDNA amplification on galactose when E-pro is
replaced by GAL1/10 [20] (Figure S1B) suggested that rDNA
stability may be regulated by carbon source in the amplified
GAL-pro strain as well. To test this, noncoding transcription
in the rDNA IGS was monitored by northern analysis. IGS tran-
scripts from the GAL-pro promoter are detected only in galac-
tose medium (Figure 2A), showing we have tight control over
transcription. We found an w10-fold increase in IGS tran-
scripts when SIR2 was deleted from the E-pro strain, consis-
tent with previous results [20, 21]. In contrast, there is no
increase in transcription when SIR2 is deleted from the GAL-
pro strain in glucose medium because of strong glucose
repression [22] (Figure 2A). This indicates that the GAL-pro
promoter is no longer under the control of SIR2 in glucose
medium. In galactose medium, SIR2 suppresses rightward,
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Figure 1. Structure of the rDNA and the GAL-Pro Strain
Each rDNA repeat (9.1 kb) contains the 5S and 35S rRNA genes, an inter-
genic spacer (IGS1/2), a replication origin (rARS), and a replication fork
barrier site (RFB). Fob1 binds specifically to the RFB and inhibits replication
in a polar fashion. E-pro is a bidirectional noncoding promoter. GAL-pro
strain (bottom), where the native E-pro bidirectional promoter has been
replaced by a GAL1/10 bidirectional promoter and a URA3 selectable
marker (see [20] for details). See also Figure S1.
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1795but not leftward, GAL-pro transcription (Figure 2A). SIR2
silencing is known to be compromised when highly tran-
scribed genes are inserted into the rDNA [23], potentially ex-
plaining why full suppression is not seen.
Our rDNA instability model predicts that the level of IGS
noncoding transcription should correlate with rDNA instability
as a result of increased unequal sister-chromatid recombina-
tion when cohesin is displaced. To test this, pulsed-field gel
electrophoresis (PFGE) was used to monitor the shape of the
chrXII band (Figure 2B). In this analysis, rDNA instability
causes changes in rDNA copy number, resulting in variation
in the length of chrXII, which is manifested as a smeared
band in PFGE. As previously shown [11], chrXII becomes
highly smeared in a sir2D background (Figure 2B, left), indica-
tive of high levels of rDNA instability. In contrast, the chrXII
bands of a glucose GAL-pro sir2D strain are as sharp as the
wild-type (WT) (Figure 2B, right). Thus, halting noncoding
transcription rescues the rDNA instability phenotype of a
sir2 mutant, indicating that SIR2 maintains rDNA stability
through E-pro repression [20]. When grown in galactose, the
chrXII band shapes of the E-pro strains are similar to those
observed in glucose (Figure 2C). Significantly, though, the
chrXII bands of the GAL-pro wild-type and sir2D strains are
similarly smeared. These results suggest that rDNA instability
is now mainly governed by carbon source in the GAL-pro
strain. IGS transcription is higher in the galactose-grown
GAL-pro strains than in E-pro sir2D, yet these strains do not
show increased rDNA instability. This suggests that the
nature of the IGS transcripts may have some influence on
stability. We did not observe any increase in band smear in
the galactose-grown GAL-pro sir2D mutant despite the in-
crease in ‘‘R’’ direction transcription (Figure 2A), perhaps
because transcription-driven rDNA instability is already near
the maximum through strong galactose-induced GAL-pro
transcription.
As a control, we deleted FOB1 from the E-pro and GAL-pro
strains. Consistent with previous results [11], the chrXII bands
of the fob1Dmutant are sharp, and this is also true of the GAL-
pro strain in both glucose and galactose (Figures 2B and 2C).
To improve visualization of rDNA stability, we changed the
PFGE conditions to expand the separation of the chrXII
band in the galactose-grown GAL-pro strains (Figure 2D). Toconfirm these rDNA instability results, we determined the
ERC level (Figure S2). ERCs are not detected in glucose-grown
GAL-pro strains, confirming that the rDNA is stable. Moreover,
ERCs are detected in galactose-grown wild-type and sir2
GAL-pro strains, confirming the rDNA instability. Together,
these results show that rDNA stability in the GAL-pro strain
can be controlled by carbon source and is independent of
SIR2 when grown in glucose.
To investigate the relationship between noncoding tran-
scription and lifespan, we measured the replicative lifespans
of the E-pro and GAL-pro strains (Figure 3). In glucose (Figures
3A and 3B), the GAL-pro strains all had long lifespans, com-
parable to the extended lifespan of the E-pro fob1D strain.
Most strikingly, this long lifespan was observed in sir2D
background, in sharp contrast to the lifespan of the E-pro
sir2D strain. These results suggest that lack of noncoding tran-
scription in glucose-grown GAL-pro strains, which results in
repression of rDNA instability, confers an extended lifespan.
Consistently, the galactose-grown GAL-pro WT strain shows
a reduced lifespan compared to both the E-pro WT strain
and the glucose-grown GAL-pro strains (Figures 3C and 3D),
and this is similar to the galactose-grown GAL-pro sir2D life-
span. Together, our results show that rDNA stability and life-
span are highly correlated in our strains. Recently lifespan
was proposed to depend on rDNA copy number via rDNA repli-
cation [15], suggesting that our results might be influenced by
the altered GAL-pro copy number. However, we found no dif-
ference in the lifespans of an E-pro wild-type copy strain
compared to an E-pro 80 copy strain (Figures S3A and S3B),
suggesting that in our system rDNA copy number is not the
main determinant of lifespan. It is possible that IGS transcrip-
tion influences replication activity, which, in turn, influences
rDNA instability [24], although we previously found no correla-
tion between replication origin strength and lifespan [13].
Further work is required to clarify this, and how well rDNA sta-
bility and lifespan correlate in other yeast strains.
Previous studies reported that a sir2 fob1 double mutant
shows a high level of rDNA stability, comparable to a fob1
single mutant [11] but has a shorter lifespan than a fob1 single
mutant [10], and we confirmed these phenotypes (Figures 3A
and 3B). This suggested that SIR2 mediates aging pathways
other than the rDNA instability pathway of aging [10], so we
decided to revisit the rDNA stability phenotype of the sir2D
fob1D strain. The ERC detection assay has insufficient sensi-
tivity, as we could not detect ERCs in the fob1 defective back-
ground (Figure S2), perhaps because ERCs only result from a
subset of unequal recombination events. Therefore, we used
the expanded PFGE technique to look at the stability of chrXII
in sir2 and fob1 single and double mutants. We found that
chrXII in the double mutant is actually more smeared than
that of the fob1 single mutant, but sharper than sir2D (Fig-
ure 4A). Such instability in the double mutant is also observed
in the galactose-grownGAL-pro strain (Figure 2D), which has a
shortened lifespan compared to theGAL-pro fob1D strain (Fig-
ure 3D). This lifespan difference likely results from partial SIR2
suppression of IGS transcription in the galactose-grown GAL-
pro strain (Figure 2A). These results are consistent with SIR2
solely affecting lifespan by regulating noncoding rDNA tran-
scription, or that if it does influence lifespan through other
loci, rDNA stability is dominant to these effects. We think
that instability in the double mutant results from Fob1-
independent double-strand breaks, most likely resulting from
collision of the replication and transcription machineries [7]
and/or age-induced replication stress [25].
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Figure 2. Noncoding IGS Transcription and rDNA Stability in GAL-Pro Strains
(A) Northern analysis to monitor noncoding transcription from E-pro and GAL-pro. RNA was isolated from cells and hybridized with single-strand probes
(‘‘R’’ and ‘‘L’’ in Figure S1B) [20]. The band intensities were measured and normalized to those of ACT1 transcripts (internal standard) and to wild-type
E-pro transcripts. The experiment was repeated twice and the average is plotted. Error bars show experimental variation. ‘‘N.D.’’ is not detected.
‘‘D’’ and ‘‘G’’ indicate glucose and galactose, respectively.
(B–D) PFGE tomonitor rDNA stability in E-pro and GAL pro strains. ‘‘EtBr’’ is EtBr-stained gel; ‘‘Hybri’’ is Southern analysis with an rDNA-specific probe [11].
Positions of chrXII (XII) are indicated to the right. ‘‘M’’ is H. wingei size marker (Bio-Rad).
(B) Cells were cultured in glucose medium.
(C and D) Cells were cultured in galactose medium.
(D) High-resolution PFGE (expanded PFGE) showing the region around chrXII (in the 1.5–2.0 Mbp range) with better resolution than conventional PFGE.
Three independent transformants were examined.
See also Figure S2.
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1796There are two possibilities to explain IGS-transcription-
induced rDNA instability. Either the process of transcription
results in rDNA instability or the IGS transcripts themselves
mediate the instability. To distinguish between these two
models, we used a trf4D strain in which noncoding transcripts
are increased due to reduced degradation [26]. An increase in
rDNA instability has previously been shown when TRF4 is
deleted [27]. We measured the lifespan in a glucose-grown
E-pro trf4D strain and found that it is dramatically shortened
(5.38) (Figures 3A and 3B). This suggests accumulation of
IGS transcripts negatively affects lifespan. To determine
whether the shortened lifespan is due to noncoding transcrip-
tion in the rDNA, we also attempted to measure lifespan in a
glucose-grownGAL-pro trf4D strain. The lifespanwas similarly
short (3.81) (Figures 3A and 3B), suggesting that E-pro tran-
scription is not directly related to the shortened lifespan in
the trf4D strain. Further work is required to determine whether
it is the process of transcription or the IGS transcripts that
mediate rDNA instability. The reason for the very short lifespan
of the trf4D strain is not known. The lifespan is much shorter
than that in the sir2mutant where rDNA is very unstable; there-
fore, something other than rDNA stability may be curtailing
lifespan in the trf4D strain.Lifespan extension through the action of SIR2 has been
known for a number of years, but its mode of action has
remained controversial, particularly as it encodes a histone
deacetylase, and so may have a wide range of pleiotropic
effects. Our results show that IGS noncoding transcription,
through its effects on rDNA stability, is the primary determinant
of lifespan.We demonstrate thatSIR2 is not critical for lifespan
maintenance in strains lacking E-pro. Therefore, we conclude
thatSIR2 acts to extend lifespan by regulating noncoding tran-
scription specifically at the rDNA, rather than through other
regions. This, combined with the observation that lifespan ex-
tending gene deletions in yeast are dependent on SIR2 [18],
firmly puts rDNA instability at the forefront of aging pathways.
Our results also imply that characterized aging pathways
involving SIR2, such as ERC formation [13] and the accumula-
tion of damaged proteins [17], operate downstream of rDNA
noncoding transcription and instability (Figure 4B). What is
the biological role of RFB-dependent rDNA instability driving
senescence? Senescence has an important physiological
function: to induce cell death before the cell accumulates dele-
terious mutations (for a review, see [28]). The rDNA is the most
unstable region in the genome and is themost sensitive to DNA
damage because of its endogenous replication fork pausing
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Figure 3. Lifespans of E-Pro and GAL-Pro Strains
(A and C) Mortality curves. The number of daughter cells produced by each mother cell was counted for at least 42 mother cells for each strain.
(B and D) Average lifespan. Error bars are SDs. ‘‘p’’ is the p value from a Mann-Whitney nonparametric test.
See also Figure S3.
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Figure 4. rDNA Instability in the fob1D sir2D Double Mutant Detected by
High-Resolution PFGE
(A) High-resolution PFGE (expanded PFGE) showing the region around
chrXII (in the 2.0–3.0 Mbp range) with better resolution than conventional
PFGE. Cells were cultured in glucose. EtBr-stained gel (left) and Southern
analysis with rDNA-specific probe (right) [11]. Marker is as in Figure 2. Three
independent transformants were examined.
(B) Sir2-dependent aging model. Sir2 maintains lifespan through repression
of E-pro and rDNA recombination. In the GAL-pro strain in glucose Sir2 is
dispensable for lifespan maintenance; therefore, sir2-dependent aging
phenotypes are downstream of E-pro transcription and rDNA instability.
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1797sites [28, 29]. Therefore, the rDNA can preferentially sense
DNA damage and signal to the cell when it should stop dividing
before DNA damage in non-rDNA regions of the genome gets
too high. In other words, the rDNA is a ‘‘hot spot’’ for
production of the aging signal, and thus we propose that the
rDNA is a major lifespan-determining factor that acts to main-
tain genome integrity. Given that rDNA instability has been
observed in a variety of organisms [30, 31], this aging pathway
may be conserved and is a worthwhile target of study in more
complex organisms, including humans.
Experimental Procedures
Yeast Strains and Growth Conditions
Yeasts strains used in this study were derived from NOY408-1b (W303) and
are listed in Table S1. Routine culturing of S. cerevisiae was performed as
according to Kaiser et al. on synthetic glucose (SD) medium, SGal (SD
medium except that 2% glucose is replaced by 2%galactose), yeast extract
peptone dextrose (YPD) medium, and YPGal (YPD, except that 2% glucose
is replaced by 2% galactose) medium at 30C [32]. YPGal was used to
induce the GAL1/10 promoter. Synthetic glucose medium and SGal were
used to maintain plasmids.
Northern Blotting
RNA extraction from yeast was performed with hot phenol [33]. RNA was
separated by formamide-agarose gel electrophoresis and subjected to
northern blotting analysis with a Northern Max kit (Ambion). R and L
single-stranded DNA probes were made using linear PCR from cloned
PCR products (Figure S1B) [20]. Quantification of signals was performed
using NIH ImageJ (http://rsb.info.nih.gov/ij/). A probe for ACT1 mRNA was
generated by PCR from genomic DNA [20]. Noncoding transcript levels
were plotted relative to wild-type after ACT1 normalization (Figure 2A).Pulsed-Field Gel Electrophoresis
PFGE using the CHEFMapper XA (Bio-Rad) and Southern hybridization with
an rDNA-specific probe were performed as previously described [11]. The
following PFGE conditions were used: for Figures 2B and 2C, 300–900 s
pulse time, 100 V for 68 hr, 14C, 0.8% agarose gel, 0.5 3 Tris-borate-
EDTA (TBE) (angle 120); for Figure 2D, 80–193 s pulse time, 200 V for
36 hr, 14C, 1% agarose gel, 0.53 TBE (angle 120); and for Figure 4A, block
Current Biology Vol 23 No 18
17981, 70 V for 72 hr, 14C, 0.8% agarose gel, 13 Tris-acetate-EDTA (angle 106),
1,200–1,469 s pulse time, block 2, 200 V for 18.41 hr (angle 120), state 1 146–
150 s pulse time, state 2 146–146 s pulse time.
Lifespan Analyses
Lifespan analyses were performed as described previously [34] on YPD or
YPGalmedia. TheMann-Whitney nonparametric test was used to determine
statistical significance between lifespans.
Supplemental Information
Supplemental Information includes three figures and one table and can be
found with this article online at http://dx.doi.org/10.1016/j.cub.2013.07.048.
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